We demonstrate a phase sensitive, vibrationally resonant sum-frequency generation (PSVR-SFG) microscope that combines high resolution, fast image acquisition speed, chemical selectivity, and phase sensitivity. Using the PSVR-SFG microscope, we generate amplitude and phase images of the second-order susceptibility of collagen I fibers in rat tail tendon tissue on resonance with the methylene vibrations of the protein. We find that the phase of the second-order susceptibility shows dependence on the effective polarity of the fibril bundles, revealing fibrous collagen domains of opposite orientations within the tissue. The presence of collagen microdomains in tendon tissue may have implications for the interpretation of the mechanical properties of the tissue.
INTRODUCTION
Collagen type I is the main component of tendon tissue, where the collagen molecules associate to form fibrils. On a macroscopic level, the fibrils are organized into fibers, which in turn aggregate and align into parallel or antiparallel arrangements. 1 Although much is known about the molecular structure of the collagen molecule, their arrangement into higher-order three-dimensional structures such as those found in tendon tissue is not very well understood. Important clues toward collagen organization in tendon tissue have come from optical microscopy studies. Using cross-polarized light microscopy, the aligned fibril arrangements appear as elongated strands with micrometer-scale diameters, which are organized in sheets. Within the plane of the sheet, a periodic modulation of the light intensity is seen in the direction perpendicular to the long axis of fibers, suggesting an undulating arrangement of fibrils. 2 A similar pattern is observed with second harmonic generation (SHG) microscopy, which is sensitive to the noncentrosymmetric arrangement of polarizable units. In the case of collagen, the units correspond to moieties of the molecule that are arranged in a noncentrosymmetric manner, an arrangement that is preserved on a supramolecular scale. 3, 4 Polarization sensitive SHG imaging has revealed that the orientation of such moieties is highly conserved along the long axis of the fibril bundle, confirming the long-range order of collagen organization within the tissue. [5] [6] [7] SHG imaging probes the nonresonant, second-order susceptibility χ (2) of the material. A problem in the interpretation of SHG measurements is that the molecular origin of the nonzero χ (2) is difficult to determine. Because SHG is performed under nonresonant conditions, the sampled χ (2) contains off-resonant contributions from several chemical groups. Several attempts have been made to assign the SHG signal to particular groups, most notably the peptide groups of the collagen backbone and the methylene groups of the proline residues. [8] [9] [10] However, without selective resonant excitation, assigning the molecular origin of the SHG signal based on symmetry considerations alone remains a challenge.
Another complication of SHG measurements is that the contrast is based on |χ (2) | 2 , which is insensitive to the absolute sign of χ (2) . This implies that the technique cannot measure the polarity of the molecular moieties, i.e., it cannot distinguish between the relative orientation of the N-terminus and the C-terminus of the fibrillar units within the sheets. This insensitivity to orientation obscures important structural information about parallel versus antiparallel organization of collagen in tendon tissue.
In order to gain further insight in the macroscopic organization of collagen in tendon tissue, we have developed and applied a new imaging technique based on sum-frequency generation (SFG). Similar to SHG imaging, SFG microscopy probes χ (2) and is thus sensitive to the same molecular symmetries that are seen in SHG images. However, SFG can be performed under vibrationally resonant conditions, which enables selective excitation of particular chemical groups. [11] [12] [13] [14] This is achieved by tuning an infrared (IR) excitation beam into direct resonance with a vibrational mode of the molecule. The electric field of the vibrationally resonant SFG signal (VR-SFG) can be written as (1) Here, E SFG , E NIR , and E MIR are the SFG, near-IR, and mid-IR fields, and the indices (i,j,k) = (x,y,z) indicate their polarization directions. In aligned structures such as collagen, SFG measurements can reveal detailed information about the average orientation of particular molecular groups in the fibril. SFG spectroscopy experiments have indicated that methylene modes in the 2850-3050 cm -1 range form a strong achiral contribution to the second-order nonlinearity of collagen. 15 In addition, it has been pointed out that the amide I vibrational mode constitutes a major chiral contribution to the non-vanishing χ (2) of fibrous collagen type I. 16 Nonetheless, macroscopic SFG measurements provide information that is spatially averaged over typically hundreds of μm 2 , thus masking the spatial extent of mode orientation on the micrometer scale. The microscopy implementation of SFG, [17] [18] [19] [20] [21] [22] on the other hand, offers an opportunity to examine the orientation of specific chemical groups with submicrometer resolution.
We have recently demonstrated that VR-SFG microscopy with collinear mid-IR and near-IR excitation beams represents a convenient tool for visualizing (bulk) collagen type I in tendon tissue. 23 In this work, we advance SFG microscopy by implementing phase-sensitive detection of the nonlinear signal. It was previously shown in macroscopic SFG spectroscopic experiments that phase sensitive (PS) detection allows a direct measurement of the amplitude and phase of vibrationally resonant χ (2) components. [24] [25] [26] [27] Here, we extend this principle to microscopic examination of collagen tissue, providing information on the effective polarity of the collagen fibrils within the probing volume. Using PSVR-SFG, we show that the methylene mode exhibits a highly conserved orientation within individual bundles of fibrils. Moreover, we provide evidence that adjacent bundles in tendon tissue exhibit opposite polarities, pointing to a different view of the structural organization of collagen relative to what has previously been deduced from SHG measurements.
MATERIALS AND METHODS

Experimental Setup of PSVR-SFG Microscopy
The experimental setup of the intensity-based VR-SFG microscope has been described elsewhere. 23 Based on the previous setup, we have implemented phase sensitive detection. The idler (3.4 μm mid-IR) and doubled signal (776 nm near-IR) from a 76 MHz picosecond OPO (APE Levante) were combined collinearly and sent into an interferometer as shown in Figure 1 . The beams were subsequently split by a 50/50 beam splitter into two arms of the interferometer. In one arm, the beams were focused with a CaF 2 lens onto a 5 mm thick type-I LiNbO 3 crystal (cut angle θ = 41.5°) to generate the local oscillator (632 nm visible).
The collimated local oscillator (LO) was separated from the near-IR and mid-IR beams in this beam path by a bandpass filter. The filtered LO was modulated by an electro-optic phase modulator (PM-Novaphase, EO-PM-R-010). The 10 MHz sync signal from a lock-in amplifier (SR844, Stanford Research) was amplified to 10 V peak-to-peak to drive the phase modulator. The phase modulated LO was recombined with the beams from the other arm by a dichroic mirror that transmits near-IR and mid-IR beams but reflects the LO. The output of the interferometer includes three different colors, near-IR (100 mW), mid-IR (30 mW), and LO (power tunable with neutral density filters). All three beams were steered into a commercial microscope (Olympus IX71) with the same polarization state. A reflective objective (0.65 NA) was used to focus the beams onto the sample. The SFG signal and LO were collected by a photomultiplier tube in the forward direction through a bandpass filter (630 nm ± 20 nm). The current signal was fed to the lock-in amplifier for demodulation of the 10 MHz signal.
Preparation of Collagen Samples
Collagen samples were extracted from rat tail tendon tissue and flattened between two glass slides to slices of ~100 μm thickness. For PSVR-SFG measurements, the collagen segment was cut into two halves and placed on the front surface of a piece of z-cut quartz, facing toward the incident laser beams. One segment was rotated in plane by 180°, aligned in an antiparallel orientation with respect to the other segment, with a small space between them. Unless otherwise noted, the longitudinal axes of fiber strands were aligned with the polarization of the mid-IR excitation beam.
Determining Phase by PSVR-SFG Microscopy
The SFG signal is described by eq 1. The nonlinear susceptibility of the sample, χ (2) , is a complex quantity. The phase of the resulting VR-SFG field is determined by the phase of χ (2) . The phase sensitive signal can be written as
Here, E MIR ,E NIR , and E LO represent the amplitude of the mid-IR, near-IR, and LO, respectively. Δφ stands for the phase shift of the LO field with respect to the product fields E MIR E NIR . In our experiment, the phase of the LO was changed with the angular modulation frequency ω M :
where A is the amplitude of the modulation and Δφ 0 is the unmodulated part of Δφ. Upon substituting Δφ into e iΔφ , we find
The cosine and sine terms can be expanded into the following Fourier series:
is the Bessel function of order m evaluated at A. Only one term carries the fundamental modulation frequency in these expansions. The other terms are not detected by the lock-in amplifier. Effectively, We next consider two settings of the interferometer. First, we set Δφ 0 = -π/2; we then find Note that for this setting the amplitude of the phase sensitive signal is governed by the real part of the material response. Consequently, the demodulated signal is directly proportional to Re χ (2) . Second, we set Δφ 0 = -π, which gives rise to the following measured intensity:
For this setting, the demodulated signal is proportional to Im χ (2) . In the determination of the phase, a piece of z-cut quartz was used as a reference. We can adjust Δφ 0 with the piezo stage (PS1 in Figure 1 ), to maximize the quartz signal. Given that the quartz signal arises from χ (2) components that are purely real, when it is maximized, we have . With this experimental setting, the real part of the second order response can be obtained as I real . Similarly, when the quartz signal is set to zero, the contribution from the imaginary part can be collected as I imag . The phase of can be determined from the in-phase and quadrature-phase components as Using this definition, we can resolve the phase of possible within the interval [-π, π] as pictorially shown in Figure 2 : The first case corresponds to points A and D in the complex plane, the second case corresponds to point B, and the third case corresponds to point C.
VR-SFG Spectroscopic Measurements
For the VR-SFG spectroscopy measurements, we used a regenerative amplifier (Spitfire Ace, Newport-Spectra Physics) which generated 90 fs pulses with a center wavelength of 800 nm at a 2-kHz repetition rate. A portion of the 800 nm beam was directed through a home-made spectral shaper and was spectrally narrowed to 1.4 nm fwhm. Another portion of the 800 nm beam was used to pump an optical parametric amplifier (OPA) to generate broadband mid-IR pulses of 220 cm -1 fwhm at around 3.4 μm. The shaped picosecond 800 nm beam and the mid-IR beam were arranged in a copropagating geometry with incident angles of 45° and 67°, respectively, and the reflected SFG signal was detected by a spectrograph (SP-2358, Princeton Instrument) combined with a CCD camera (DU920P-BR-DD, Andor Technology). The polarizations of the incident beams and signal were individually controlled by half-wave plates and polarizers in the measurements with different polarizations.
Molecular Dynamics Simulation of a Model [(PPG) 10 ] 3 Triple Helix
The initial [(PPG) 10 ] 3 triple helix structure was obtained from the protein data bank (PDB ID: 1K6F chains A, B, and C). 28 The protein was dissolved in 4103 TIP3 water 29 to form a 34 Å × 34 Å × 113 Å box. The following minimization and simulation were carried out with the NAMD 2.6 package. 30 We used CHARMM22 force fields with CMAP correction. 31, 32 Periodic boundary conditions were applied in three dimensions, and electrostatic interactions were calculated using the PME method. 33 Temperature was controlled by the Nosé-Hoover-Langevin piston method. 14, 34 Bond lengths involving hydrogen/deuterium atoms were constrained using the SHAKE algorithm. 35 The integration time step was set to 1 fs. To maintain the crystal structure unaltered during the minimization and pre-equilibration step, the following measures were taken. The water box was allowed to equilibrate for 10,000 steps with the protein coordinates fixed. Then the protein backbone and carbonyl oxygen atoms were restrained with an additional force, while the rest of the system was allowed to move to minimize the potential energy. The initial temperature of the system was set to 0 K. After minimization, the system was immersed into a Langevin bath to reach 285 K. The system was equilibrated in the NVT ensemble with the backbone atoms restrained for 600 ps, and then allowed to equilibrate in the NPT ensemble while slowly reducing the restraint to zero in 1.4 ns. After that, the system was allowed to freely propagate for 56 ns. The last 100 ps trajectory was collected for the analysis of the orientation of the methylene groups.
RESULTS AND DISCUSSION
SFG Spectroscopic Study of Collagen
To investigate the spectral characteristics of the SFG signal from collagen samples in the CH stretching range, we performed spectroscopic studies using a home-built VR-SFG spectrometer. Two peaks are observed in the CH stretching region: one centered at 2966 cm -1 and the other 2890 cm -1 . The 2966 cm -1 peak is much weaker in the ppp polarization than in the ssp polarization. We attribute the origin of the 2966 cm -1 peak to the Fermi resonance between the CH 2 symmetric stretch and the overtone of CH 2 symmetric bending mode based on two reasons. First, the Fermi resonance band has the same symmetry as the CH 2 symmetric stretching mode and thus will exhibit similar polarization dependence. 36 Second, this assignment is consistent with a previous VR-SFG study of collagen 15 and another study of air/diol interfaces that also assigned the band at 2954 cm -1 to Fermi resonance. 36 Figure 4 shows the result of a polarization dependent study of a segment of rat tail tendon tissue on a glass slide, conducted in the intensity detection mode. Strong signals and high contrast are observed when the long axes of collagen fibers are placed parallel to the polarization of the mid-IR beam. The result indicates that the spatially averaged orientation of the vibrational transition dipole of the SFG-active methylene units is along the long fiber axis. However, the absolute orientation of the transition dipole remains ambiguous. Although this information is contained in the second-order susceptibility χ (2) , it is inaccessible when the signal is detected as the square modulus of the field. As shown below, phase sensitive detection preserves the phase information, retrieving details on molecular orientation.
Polarization Dependent Imaging of Collagen with VR-SFG Microscopy
Collagen Imaging with PSVR-SFG Microscopy
A periodically poled LiNbO 3 crystal was used to test the capability of the PSVR-SFG microscope. We clearly observed the phase shift between different domains with opposite crystal orientation (data not shown). Then we used PSVR-SFG microscopy to visualize a tendon segment placed on top of a piece of z-cut quartz. The results are shown in Figure 5 . The elongated fiber structure is observed with great detail in both the intensity and amplitude images in Figure 5a and Figure 5b . Individual strands within the tendon tissue can be clearly recognized. Moreover, the phase sensitive measurement exhibits two interesting patterns (Figure 5c ). First, the phase within a longitudinal fibrous domain in the tendon tissue appears largely continuous on a length scale larger than 50 μm. This implies that, on this length scale, the effective orientation of the SFG active methylene groups within the fibers is maintained. Second, within the sheet of fibers, there are subdomains which present a ~180° phase difference between aligned strands, such as between the gray and green strands in Figure 5c . Figure 5e and Figure 5f present a slice across the amplitude and phase images. Sharp changes in the phase are observed across ~10 μm domains, which appear as demarcated fibers. At the points of phase change, the amplitude reaches minima, indicating destructive interference between 180° phase-shifted signals.
The origin of the ~180° phase difference is quite interesting. As suggested by previous SFG studies, a 180° phase shift can be explained by a sign reversal of χ (2) , introduced because of an orientational reversal of the SFG active units. [37] [38] [39] In our measurement, when we took two consecutive tendon segments and manually reversed one of them, thus placing them in an antiparallel fashion, we observed the expected 180° phase difference between the segments.
A closer look at the distribution of the phase from all pixels is shown in Figure 5d . Three distinct peaks are observed. The peak centered at 0° is mainly originated from the nonresonant signal of z-cut quartz. The other two peaks centered at 63° and -135° are mainly the response from collagen. They are separated by 198°, which is fairly close to the 180° phase shift we expected. We have made measurements on different samples, and the resulting phase shift is always close to 180°, suggesting that this observation is not an anomaly.
In the ideal case that the mid-IR beam is exactly on resonance with all vibrators in the sample, the real part of collagen χ (2) is zero and Figure 5d is expected to show two delta functions at ±90°, corresponding to oppositely orientated fibers. However, several factors could affect the actual value of the measured phase. One reason is that the laser was not exactly on resonance. The difference of a few wavenumbers could cause considerable phase shifts away from the precisely on-resonant condition. In our experiment, the mid-IR excitation beam was centered at 2950 cm -1 , which is 16 cm -1 from the resonance at 2966 cm -1 . The phase shift can be estimated from the SFG spectrum measured in Figure 3a . We assume that the ssp spectrum is proportional to (Im χ (2) ) 2 . The real part can be calculated from it using the Kramers-Kronig relation. 40 This assumption is valid when the laser is near resonance with the vibrational mode and the nonresonant contributions can be ignored. As shown in the calculated phase in Figure 3b , when the mid-IR beam is tuned to 2950 cm -1 as in the PSVR-SFG microscopic measurement, the phase of χ (2) is 73° whereas that of -χ (2) is -107°, which follows the same trend as the experimentally measured phase distribution (Figure 5d ). The second reason is the presence of spectral inhomogeneity and hence not all vibrators can be exactly on resonance. This would explain the width of the peaks in the phase distribution. Another possible reason is that the response from the quartz beneath the collagen fiber contributes to the in-phase signal, affecting the measurement of the real part of the response of the collagen fibers. The quartz contribution to the real part will reduce the phase difference between the two collagen peaks. The difference between the two peaks is relatively close to 180°, and hence the contribution from quartz can be neglected.
Theoretical Model of the Phase Change
We can explain the ~180° phase difference in the case of collagen by a simple model. As shown in Figure 6 , the longitudinal axis of a collagen superhelix is fixed along the z-axis and the laser beams propagate along the x-axis in the laboratory frame coordinates. The molecular frame coordinates of a single methylene group are defined with the a-axis located on the CH 2 plane and the c-axis bisecting the HCH angle, parallel to the transition dipole moment of the symmetric CH stretching vibration. The transformation from the molecular frame to the lab frame can be achieved through rotation around the Euler angles (θ, ϕ, and ψ).
Our analysis of a molecular dynamics simulation of a model collagen peptide, [(PPG) 10 ] 3 , shows that the distribution of methylene groups within a single triple helix is not isotropic. The angle distributions of residue-specific CH 2 groups are shown in Figure 7 . It is clear from the figure that the CH 2 groups in one triple helix are narrowly distributed at certain θ angles, and the α angle distribution is clustered but covers the whole range. Many such triple helices reside in a segment of rat tail tendon tissue. The longitudinal axes of the helices are aligned, but the rotation along the longitudinal axis can be random. Therefore, it is reasonable to assume that the CH 2 groups from a large number of helices within our excitation volume have an even distribution along the angle α, i.e., the orientation distribution is rotationally isotropic with respect to the longitudinal axis.
For rotationally isotropic systems, there are 7 nonzero achiral terms in the second order susceptibility, namely, , , , and , in the laboratory frame defined in Figure 6 . 36 They are related to the hyper-polarizability of the methylene group through the same transformation that connects the laboratory frame and the molecular frame. Due to the rotational isotropy, the relation is simplified by integration over the two Euler angles (ϕ and ψ): 41, 42 Here, β ijk (i,j,k = a,b,c) stands for the molecular hyper-polarizability, and N s is the density of molecules within the focal volume. In the PSVR-SFG microscopic measurements, the near-IR, mid-IR, and local oscillator were all polarized along the longitudinal axis of collagen fibers. Although a reflective objective was used for tight focusing, the electric field at the focus is predominantly z-polarized based on a simulation. Hence the term dominates the SFG signal. When one collagen segment is rotated with respect to the x-axis by 180°, θ is changed into πθ. The second order response is then As we observed experimentally, the theoretical estimation also shows that reversing collagen orientation causes a phase change of 180°. We thus interpret the observed phase difference as the presence of an effective polarity of the fiber segments.
DISCUSSION
In this work, we have used PSVR-SFG imaging for examining the organization of (bulk) collagen in rat tail tendon tissue. The use of PSVR-SFG enabled us to investigate two new aspects of collagen that have previously been difficult to assess with SHG microscopy. First, the vibrationally resonant properties of SFG have allowed us to select a particular mode that contributes to the second-order nonlinearity of collagen type I. The selected mode at 2966 cm -1 , which has previously been attributed to the vibrations of the methylene group, makes it possible to directly relate the nonlinear signal to specific chemical groups of the aligned collagen fibrils. Using polarization dependent SFG imaging, we have found that the effective orientation of the SFG-active methylene mode shows a maximum in the direction of the fiber axis. This observation is in agreement with previous macroscopic SFG 15 and microscopic SHG studies. 8 Second, the phase sensitive detection reveals well-demarcated phase changes in the SFG response. A possible origin of such phase changes is the variation of dispersive properties in the tendon tissue, which could produce a spatially dependent chromatic phase shift between the excitation beams and the local oscillator. Height and density variations may contribute to the latter effect. Nonetheless, such variations are expected to generate phase variations over a more extended angular range, rather than the narrow range of phase shifts observed in Figure 5d . The measured phase distribution falls into two narrow ranges separated by ~180°. Using the quartz phase as a reference, we have been able to carefully examine the sign of the nonlinear signal in the collagen material. The presence of distinct well-defined phase domains strongly suggests that the PSVR-SFG map reflects a sign reversal in the Im χ (2) of fibrillar segments in the tissue. Importantly, the phase remains virtually constant within a fibril bundle, but may change between adjacent bundles. In our interpretation, flipping of the phase corresponds to a reversal of the collagen fibril orientation, i.e., the fibril is rotated such that the N-terminus and C-terminus switch positions in the frame of the tissue. This interpretation supports a model that includes the existence of fibrillar domains where, on average, the collagen fibrils exhibit a preferred orientation.
We note that a reversal of the sign of χ (2) may, in principle, also be observed in phase sensitive SHG. Recent tomographic work has demonstrated that interferometric detection of SHG signals gives access to phase information that cannot be probed with conventional SHG imaging. 27, 29, 43 Indeed, our observation is in concert with recent phase sensitive SHG measurements on collagen (through private communication with François Légaré, Institut National de la Recherche Scientifique, Centre Énergie Matériaux et Télécommunications, Canada). Nonetheless, phase-sensitive SFG enables a direct identification of the molecular modes whose differences in orientation are responsible for the sign reversal, providing a more complete molecular picture than what can be obtained with SHG.
It is known that fibrils can exhibit a definite polarity on the nanoscopic scale. Previous studies using piezoresponse force microscopy observed nanodomains with opposite polar axis orientation. 44, 45 It was deduced that each nanodomain consists of 2-3 fibrils on average. Other studies have shown that sustained polarity of collagen fibrils may prevail up to a ~10 μm length scale along the strand. 45, 46 Our PSVR-SFG studies provide evidence that the average polarity can extend beyond a ~50 μm length scale along a fibrous strand. The existence of microdomains with alternating effective polarity of collagen molecules has not been observed before on this length scale. It should be noted that the resolution of this farfield imaging technology is insufficient to determine absolute levels of orientational inhomogeneity within the probing volume. Instead, our measurements report the existence of domains where the average orientation of collagen molecules is in a preferred direction.
CONCLUSION
In conclusion, we have demonstrated VR-SFG microscopy with phase sensitive detection and applied it to investigate collagen orientation in rat tail tendon tissue. The microscope inherited the advantages from its intensity-based predecessor, such as the fast imaging capabilities and a high lateral resolution (0.6 μm). Using phase sensitive detection of the SFG signal, we have demonstrated that the real and imaginary part of the nonlinear susceptibility can be acquired separately, enabling generation of images with contrast based on the amplitude and phase of χ (2) . The phase image suggests the existence of domains with a 180° phase difference resulting from the orientation reversal of collagen fibers. The existence of fibrous domains that exhibit a distinct polarity of collagen molecules relative to adjacent domains may have implications for the interpretation of the mechanical properties of tendon tissue. The schematics of the PSVR-SFG setup. BS, 50/50 beam splitter for both near-IR and mid-IR; L1, L2, plano-convex lenses; PS1, linear delay stage with a piezo pad; PS2, 2D piezo stage; BF1, BF2, band-pass filter; EOM, electro-optic phase modulator; DC, customized dichroic that reflects the LO and passes near-and mid-IR; Obj1, 0.65 NA 74× reflective objective; Obj2, 0.75 NA 20× objective; PMT, photomultiplier tube. The schematics of the phase definition. The schematic of methylene group orientation in the molecular and laboratory coordinates and the definition of Euler angles θ, ϕ, and ψ. 
